Epidemiologic studies long have played a role in the understanding of the effects of the general environment and various occupational exposures on the occurrence of acute and chronic diseases of the lung. This article is an overview of epidemiologic study designs that have particular relevance to studies of environmental and occupational lung disease. The application of times-series designs in the context of epidemiologic studies is discussed, as such designs have become widely used in studies of health effects ambient air pollution. The article emphasizes recent developments in the application of case-control study designs, many of which have had particular applications in epidemiologic studies related to environmental and occupational lung disease. These case-control designs offer efficient and valid alternatives for studies that in the past might have been conducted as more costly and time-consuming cohort studies.
Epidemiologic methods have played an important role in the identification of environmental and occupational causes of lung diseases and respiratory morbidity/mortality in populations (1) (2) (3) (4) . Epidemiologic studies are concerned primarily with the distribution of causal determinants of disease in populations, but modern epidemiologic investigations increasingly have focused on more refined characterizations of subgroups of individuals out of which the cases actually arise (at-risk subsets) among exposed individuals within populations and on more refined characterizations of exposures. The expansion of the repertoire of objective markers of exposure, dose, and biologic susceptibility and response through advances in toxicology, molecular biology, and genetics has heightened this trend and is particularly relevant to occupational and environmental epidemiology that is related to lung disease. Epidemiologists also have made wider use of study designs using analytical strategies that have been largely applied in other disciplines (e.g., time-series analyses).
The goal of this review is to summarize the characteristics of a) selected epidemiologic study designs that have been developed/refined over recent years or b) more established methods, the application ofwhich has increased as a consequence of a combination of convenience and sound theoretical underpinnings. The choice of the designs to discuss is motivated by the potential or proven usefulness of the designs in environmental and occupational epidemiology. A comprehensive review of methods for cohort studies recently has been published (5); therefore, this review focuses on cohort designs that either were not discussed or were discussed only briefly in that review. More emphasis is placed on case-control designs, as some of the newer designs are particularly relevant for occupational and environmental epidemiologic studies, and the potential efficiency of these designs can be of considerable advantage in terms of feasibility and costs. Moreover, improved understanding of the relation between case-control studies and failure time analysis in cohort studies (6) has provided a firmer basis for the validity of case-control design for causal inferences about disease occurrence in relation to particular exposures.
Cohort Study Designs
It is natural to begin with a discussion of cohort studies because in the realm of observational studies these designs most closely approximate the situation of an experimenti.e., subjects free of disease are identified and occurrence of disease is observed among those exposed and not exposed to the substance under study. In contrast to a true experiment, the investigator has no control over who is exposed or other factors that might influence the outcome in the context of the particular exposure (i.e., confounders and effect modifiers). In a recent review of outcomes that can be studied with cohort designs, I divided these designs into two broad categories, life table-type and longitudinal (7) . Life table cohort studies are characterized by their treatment of time and exposure in a manner tied closely to traditional life table methods of analysis. In general, exposure and person-time are summarized. Incidence (density) and cumulative incidence of a discrete disease outcome and their respective ratios are the principal outcomes of the life table-type cohort study. Inferences from theses types of cohort studies are restricted to population average effects. Longitudinal cohort studies, on the other hand, take explicit advantage of the potential for repeated measures of exposures and subject characteristics in cohort designs and make possible not only inferences on population average effects but also on individual heterogeneity, changes in processes over time, and repeated transitions back and forth between states of health and disease. In the review, I illustrated the usefulness of the longitudinal cohort study for five categories of inquiry (7) . These are summarized in Table 1 . Although the illustrative examples were drawn from a variety of disciplines, their applicability to studies of environmental and occupation respiratory disease is obvious. Two broad categories of cohort designs not considered in that review are quite relevant to epidemiologic studies of occupational and environmental lung diseases and will be the subject of the cohort studies section: timeseries and panel studies, and multilevel cohort designs incorporating individual and between-group (ecologic) differences.
Contemporary epidemiologic studies of air pollution-related health effects rely on group-level (ecologic) assignments of exposure applied both to truly ecologic studies and to studies that use ecologic estimates of exposure and individual-level data. Therefore, it is useful to clarify what is and is not meant by an ecologic study [see Kunzli and Tager (8) and Morganstern (9) for more complete reviews] before I proceed to a discussion of specific study designs. In an ecologic study, all data are at the group level (e.g., daily incidence of death and some metric of air pollution for a given region on a given day); no individual level data are collected. Inferences about individuals from such studies are subject to what is called the ecologic fallacy (10) . The ecologic fallacy is the bias that can occur when group data are used to make inferences about individuals and results from the mixing of between-group and within-group variability (11) and from group-level confounding and effect modification that do not have an immediate representation at the individual TAGER (17) in ETSS and are cause for greater concern in these types of studies than in RMLES. In traditional RMLES, problems of time dependence generally are relatively simplee.g., was a characteristic present or absent or at some particular level just prior to or in an interval prior to the observation ofsubjects? In ETSS, time patterns are more complex and can be fluctuations (seasonal patterns of deaths and air pollutant concentrations), dayof-week patterns of outcomes (decreased hospital admissions on weekends), or exposures (observations of higher weekend relative to weekday levels of ozone in the Los Angeles Basin), or long-term trends for ETSS that cover many years of daily data (long-term declines in air pollution concentrations and deaths from cardiovascular disease). Steps more specifically applied to ETSS are required in analysis to assure control of these timedependent confounders (17) .
Finally, it must be stated that despite their usefulness and importance for the study of short-term health effects related to air pollution, ETSS generally are not useful for inferences on the more long-term effects (26) . One possible exception to this may emerge as methods are developed to address the problem of harvesting (27) . This term arises in the context of observations of excess daily mortality in relation to daily increases in air pollution. Harvesting or mortality displacement refers to the possibility that only frail people, who are at high risk for imminent death, are affected by daily fluctuations in air pollution. Harvesting would be manifested by an increase in deaths immediately (or some short lag period of several days) after days with increased air pollution and by decreases in deaths in the ensuing days due to the temporary depletion of the pool of frail, susceptible individuals. Concern was raised that the people who were actually dying were going to die very soon in any event and that the effect of increases in air pollution was only to hasten such deaths by a few days or weeks. If such a phenomenon is occurring, it would have far different implications from a public health viewpoint than an inference that the excess deaths were not imminent but were premature to some degree. Recent statistical methodological results suggests that inferences on this issue can be derived from ETSS (27) .
Multilevel Designs
Cross-sectional comparisons between areas with different patterns of environmental pollution have been used to try to study the health effects of long-term (cumulative) effects of exposures increased levels of air pollution (28, 29) . Unfortunately, such studies suffer from such problems as temporality (does the measured exposure actually reflect the cumulative exposure that is inferred to have preceded disease onset and caused the disease), unmeasured or imperfectly specified confounders between populations, and, in the case of chronic disease, prevalence bias (i.e., those with the least lethal forms of the disease are most likely to be alive and be induded in a cross-sectional study). To some extent true ecologic studies may have some advantages in this regard over cross-sectional studies based on individual-level data, as it is possible to construct long-term exposure records that are valid for a population (in contrast to specific individuals in the population) and to manage issues of confounding at the group level (e.g., group measures of socioeconomic status, race/ethnicity). Although such studies can provide valid inference at the population level (30) , they are severely limited, at best, when inferences are required at the individual level.
Recently, an example of a multilevel design [the term multilevel, as used here, was proposed by Navidi et al. (25) ] has been applied to the study of the long-term health effects of exposure to ambient air pollutants to take advantage of the cross-sectional contrasts that can be obtained in ecologic studies and the availability of individual-level data needed for inferences at the individual level (25, 31, 32) . Only cross-sectional results have been published, but because the design of the study clearly is that of a classical RMLES (10-year cohort study), the design is presented in the section on cohort studies.
The basic design is fairly simple. Communities (n = 12) were selected to maximize contrasts between the various communities for various air pollutants and patterns of pollutants (25, 31 (e.g., selection bias of cases and/or controls, retrospective assessment of exposure, etc.) than with the theoretical validity of the various sampling strategies for different case-control designs. The attractiveness of the nested case-control design derives equally from the fact that the cohort from which the cases arise is known with certainty, selection biases can be minimized, and exposure assessment can be based on data available before the time the case arose. Therefore, to understand the designs to be discussed, a brief discussion of the case-base paradigm and risk set sampling is useful.
Miettinen (37) (38) (39) introduced the concept of the case base. He reasoned that case-control studies represented a special sampling from the person-time of some actual (population or primary base) or hypothetical population (secondary base). The term base refers specifically to the person-time experience out ofwhich the cases arise. Ideally, under this so-called case-base paradigm, one obtains a complete census of the cases and a sample of the overall person-time of the cohort (controls). Validity in a case-control study, at least in terms of the selection of controls, therefore, depends on the proper identification of the base (population) out ofwhich the cases arise and selection of an unbiased sample (with respect to the study base) ofits person-time (controls) (40-44. Parallel to the development of the case-base paradigm was the understanding gained by biostatisticians of the relationship between case-control sampling and failure times in a survival analysis (6) and the formulation of the incidence density case-control study (36) . In this context, at the time of occurrence of a new (incident) case of disease, controls are sampled at random from the appropriate large population (base), which leads to the same conditional analysis associated with matched case-control studies (6) . An extension of this approach led to control sampling strategies from defined cohorts (in contrast to an open, dynamic population). In one strategy, risk sets are sampled at the time of occurrence of the cases; this strategy forms the basis for the nested case-control study. In the case-cohort design, a subcohort is selected at random from the entire cohort at the start of the follow-up of the cohort and cases are identified from the entire cohort as the cohort moves through time (43) .
Risk Set Sampling and the Nested Case-Control Design
The concept of a risk set is illustrated in Figure 2 . Risk set sampling designs are related to methods used in the familiar Cox proportional hazards model for full cohort data (44) . In this latter method, at each time a new case appears a risk set is formed comprised of the case and all other cohort members who are still at risk at the time the case appeared (i.e., the controls). A sample from the risk set would include the case and a sample (1 or more) of the eligible controls in the risk set at the time the case appears. Each time a case appears, a new risk set is formed and sampled. When risk sets are sampled in this manner, cases and controls are matched on time and also can be matched on important other confounders (e.g., age, sex, etc.). The final data set produced by this sampling strategy has the structure of a matched case-control study and the analysis follows a similar form (44) . Langholtz and Goldstein (44) present a simplified explanation of the connection between this sampling strategy and the full cohort situation. A more in-depth summary is offered by Borgan and Langholtz (45) . Estimation of the cumulative baseline incidence (hazard) of disease in the full cohort also is possible with these designs. Finally, in the usual nested case-control design cases and controls receive the same sampling weights but other risk set sampling designs can be implemented by specification of the appropriate sampling weights (44) (see below under "Staged Sample Case-Control Studies").
In a nested case-control design, cases are identified from a cohort that currently is under observation or from a cohort that is constructed retrospectively. At the time of occurrence of each case (e.g., age, time from start of employment, time from inception of cohort), one or more controls are selected from cohort members still at risk for the outcome at the time the case is identified. These controls also can be matched to the case on known important confounders (e.g., sex, smoking history, etc.). Such designs are particularly efficient when the outcome of interest is rare (e.g., leukemia in an occupation cohort) or the cost of the collection and processing of data is too expensive for implementation in an entire cohort (e.g., analysis of blood specimens for a biomarker, coding or summary of complex job matrices to assess occupational exposures, etc.). The odds ratios estimated from such studies are estimates of the average incidence density ratio for the cohort with no rare disease assumptions required (46) . Moreover, the matching on time removes any assumptions about the prevalence ofexposure during the life ofthe cohort (46) .
A Norwegian study of the effect of exposure to NO2 on the occurrence of bronchial obstruction in children less than 2 years of age offers a relevant example of a nested case-control study that illustrates the advantages of the design (47) . A birth cohort of 3,754 subjects was assembled over a 1-year period and subjects were evaluated at 6-month intervals over the first 24 months of life. Children who met the criteria for bronchial obstruction and could be contacted (overall prevalence = 6.8%; 84% of all cases could be contacted) were matched with children free of bronchial obstruction who were born next in time relative to each case. Indoor and outdoor NO2 measurements with Palmes tubes in the home were made for a 2-week period only for the nested case-control subjects. Conditional logistic regression was conducted controlling for sex of child, birth weight, parental asthma, length of breast feeding, etc. Cases were relatively uncommon in the cohort (6.8%), and logistically expensive exposure assessments needed to carried out for only a small fraction of the cohort.
Staged Sample Case-Control Studies
The efficiency (precision and/or cost) of case-control studies at times can be improved by using more complex sampling designs than the simple nested case-control study (6, 48 (50) . This design strategy also can be applied when subsample validations are conducted in the context of a case-control study (6) . In this application, the assumption is made that the imperfectly measured variable (e.g., job matrix) is a "perfect" surrogate for the "gold standard" measurement-i.e., conditional on the true measurement, the surrogate has no association with the disease outcome.
Counter-matched studies. The simple nested case-control study uses only information for the cases and controls actually used the case-control study; none of the other cohort information is used. One consequence of this strategy is a lowering of the precision of the exposure effect estimates by using this subsample rather than the full cohort. Some of this loss in efficiency also is because matching on potential confounders in nested case-control studies (in fact, in all matched case-control studies) also leads to some level of matching on exposure. Such exposure-concordant pairs (risk sets) do not contribute to the estimation of the exposure effect. The countermatching design, which derives from riskset sampling (44) , seeks to remedy these shortcomings by stratified sampling of exposures (not confounders, as usual with matching) and by adjusting a subject's relative risk (45) . The analysis form is a weighted conditional logistic regression (45) . Langholz and Goldstein (44) and Langholz and Clayton (51) provide a number of situations in which such a design might be useful and provide examples. These are summarized in Table 3 .
Single-Case (Case-Only) Designs
This class of designs is based on the general concept that cases can serve as their own controls. All of these designs share a common need to use some prior theory or set of assumptions about exposure distribution to replace information usually supplied by an independent control group (52). (In the unusual case-control study, the control exposure distribution is used to estimate the underlying exposure distribution.) Thus, the ultimate validity of such designs depends on the validity of the assumptions about the exposure distribution (52, 53 (55) .
Reasoning from the case-base paradigm (37), Maclure viewed the case-crossover design as the counterpart to a cohort study in which subjects crossed over between periods of exposure and nonexposure. He viewed the design as analogous to crossover designs used in treatment studies except, as is true for all observational studies, crossover times between risk and nonrisk periods are not random (53) . The obvious advantage of such a strategy is the complete control for time-invariant potential confounders or the near-complete control for confounders that change slowly over time (52, 53) .
In keeping with the case-base paradigm and risk set sampling, a complete census of the risk period immediately before the occurrence of the event under study [e.g., heavy physical exertion in the hour before a myocardial infarction (MI) in Maclure's original paper (53) or the 48-hr period prior to death in studies of mortality associated with air pollution (56) ] and an appropriate sample of comparable time periods prior to the event are obtained for each subject. The sampling strategy is illustrated in Figure 3 . The choice of control time periods is governed by the availability and representativeness of the exposure data for the control period (55) and a stable (over time) exposure distribution. In the original design proposed by Maclure (53) , exposures can be either point exposures or exposures of short duration. Each such exposure has an induction period (shortest time between exposure and onset of outcome) and a duration of effect (duration of effect after the end of induction period). Some direct knowledge or assumptions about both the induction and effective periods are critical to prevent carryover effects from control periods into the time of the risk period immediately preceding the event. Each subject then is treated as a matched pair composed of an exposure period immediately before the event and an exposure period not associated with an event. Thus, the data analysis follows that for traditional matched case-control studies, i.e., Mantel-Haenszel estimates or maximum likelihood methods that include conditional logistic regression (52, 57) . As the control data (exposure times) are measured in person-time units, this design estimates the average incidence rate (density) ratio (53) . Willich and colleagues (58) compared the results of a conventional case-control study and those of a case-crossover study to address the question of whether the occurrence of an MI is related to recent physical activity (58) . Only 270 of 882 cases experiencing MI could provide adequate information on physical activity for the case-crossover design. Nonetheless, the odds ratios for the occurrence of physical activity in the 1-hr prior to MI were identical for the two designs (2.1; 95% confidence interval, 1.1-3.6).
A number of potential sources of bias are possible for the case-crossover design ( Table 4 ).
One that is unique to the original design ("unidirectional") is the assumption that the exposure distribution and subject-specific confounders are stable over time. A corollary is that subject-specific confounder-exposure relationships also do not change over time. Carryover effects from the control time into the time period immediately preceding the event also lead to biased estimates of exposure effect. Information bias can result from the need to obtain information about the control exposure in a manner that is different from that used to obtain the exposure information just prior to the case [e.g., the decision to use usual exposure to define the control time compared to using exposure in some finite time period prior to the event (55) ].
In addition to the usual sources of selection biases in case-control studies (e.g., subject willingness to participate related to exposure or outcome), the failure of the assumption of no time trends in exposure leads to a form of selection bias. If there is a temporal trend in exposure, control time systematically may have greater or lesser exposure than case time, with the direction dependent on the nature of the temporal trend (25, 59 (7, 14, 21 days). The period of exposure risk was the 48 hr prior to death (based on previously published data). Case-specular designs. This design was developed by Zaffanella and colleagues (61) specifically to address the problem of control selection (e.g., selection bias due to nonresponse associated with important neighborhood characteristics) in studies of health effects related to exposure to electric and magnetic fields. Instead of selecting an actual control and wire coding for the case residence, the case-specular method compares the wire code of hypothetical residences (specular residences-specular means mirror or reflection) located in a virtual position in which either the position of the residence or the power line is switched around the center of the street (Figure 4) . The specular residence matches the neighborhood characteristics of the case house, but it may have a different wire code. Most important for this design, if the association between wire codes and a health effect resulted from wire code acting as a proxy for some neighborhood/street factor (e.g., air pollution, socioeconomic status), then the distribution of wire codes should not differ between case and specular residences. This latter point is the critical assumption for the method (52) and is tested through the explicit assumption that the probability of encountering a residence with an actual wire code X and a specular wire code Y is the same as the probability of encountering a residence with actual wire code Y and specular code X (61) . This assumption of symmetry can be assessed only through a neighborhood survey or the use of actual controls. Two other assumptions of this approach are that residences on the same side of the street as power lines are not systematically different (i.e., on other risk factors) from residences on the opposite side of the street, and that coding of case residences and their speculars is done in an unbiased manner. A test of the first assumption was made for one study site and the assumption was supported; however, the authors acknowledge the need for tests in various neighborhood configurations to determine the ease with which this critical assumption can be met. To avoid bias in the coding ofwire codes, the use of a control household is desirable (to blind coders); in a pilot study without Maclure (53) , it must be acknowledged that the optimal strategy (in terms of lack of bias and maximum precision) for sampling control time is difficult to identify, even for a given exposure-outcome scenario (55) and extensions to exposureoutcome scenarios outside a given study would Greenland (52) has provided a comprehensive discussion of issues that relate broadly to case-only designs. Several of his points are worth noting here. In general, the matching implicit in case-crossover designs can lead to decreased precision of estimates, since the close matching of these designs tends to produce exposure-concordant case-"pseudocontrol" (Greenland's term) sets which are not used in the match analyses. Any misclassification of exposure is exaggerated in situations in which exposures are highly correlated (63) , as they will tend to be in the casecrossover design. Moreover, misclassification could be differential within each case-pseudocontrol set if different methods (metrics) of exposure are used for the case risk period and the pseudocontrol" period [see Mittelman (55) for examples] or because past exposures are less well-documented or recalled than current exposures. Finally, Greenland raises a subtle and important point that makes it difficult to compare results from case-control and case-only designs. He notes that exposure coefficients from case-control studies represent covariate-specific log-odds ratios that have the interpretation of average risk divided by average survival probability, and those from a case-crossover design have the interpretation of average subject-specific log-odds ratios (52) . These two types of log-odds will have the same interpretion only if it can be assumed that all individual log-odds ratios are equal to a constant (equal susceptibilty) (64), a very strong assumption in most cases.
A Final Comment about Case-Control Studies
Modern understanding of the case-control study and its relation to the cohort study has led to a broad expansion of situations in which one or another variant of case-control studies can provide efficient and valid designs for investigation of the effects of environmental and occupational exposures on respiratory health. Some of these designs have applications in particular situations (e.g., case-specular), but in other situations, the strengths and pitfalls (e.g., case-crossover, countermatching) of the design have yet to be fully understood before the full range of their potential application is known. Ongoing methodologic research should provide this guidance in the not too distant future. Nonetheless, it should be clear that case-control designs deserve strong consideration as design options to address research questions that in the past might quickly have led to more costly and time-consuming cohort studies.
